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Abstract
Within the asymptotic theory proposed by authors R. Yarmukhamedov and K.I. Tur-
sunmakhatov [Phys. Rev. C (submitted 2019)] for the peripheral sub- and above-barrier
transfer A(x, y)B reaction in the three-body (A, a and y) model (x= y + a and B= A +
a, and a is a transferred particle), the analysis of the experimental angular distributions
of the differential cross sections is performed for the peripheral proton and triton transfer
9Be(10B, 9Be)10B, 16O(3He, d)17F and 19F(p, α)16O reactions at above-and sub-barrier
projectile energies, respectively. New estimates and their uncertainties are obtained for
magnitudes of the asymptotic normalization coefficients (respective the nuclear vertex
constants) for 9Be + p → 10B, 16O + p → 17F and 16O + t → 19F. They are applied
for calculations of the astrophysical S factors for the nuclear-astophysical 9Be(p, γ)10B,
16O(p, γ)17F and 19F(p, α)16O) reactions at thermonuclear energies. New values and their
uncertainties are obtained for the astrophysical S factors at stellar energies.
PACS: 25.60 Je; 26.65.+t
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I. INTRODUCTION
Results from earlier nuclear physics research at very level in a hot Big Bang nucleosynthesis,
which were predicted by astrophysicists within the framework of the standard cosmology, let
to suspicion that spallation reactions play the main role in production of light elements such as
B, O, F and etc. See Refs. [1, 2]. Therefore, a reliable estimation of rates of different nuclear
astrophysical processes responsible for the light element abundance is one of the most actual
problems of the modern nuclear astrophysics [3]. Solution of this problem is in turn impossible
without obtaining rather low energy cross sections σ(E) (or respective astrophysical S factors
S(E)) for such reactions.
Despite the impressive improvements in our understanding of such reactions made in the
past decades (see Refs [3–6] for example) ambiguities connected both with the extrapolation of
the measured cross sections for some specific nuclear-astrophysical reactions above within the
stellar energy region and with the theoretical predictions for σ(E) (or S(E)) still exist. They
may considerably influence predictions of the standard solar model [1, 2]. As a specific example
below we consider the nowaday situation concerning the nuclear-astrophysical 9Be(p, γ)10B,
16O(p, γ)17F and 19F(p, α)16O reactions since the calculations of the corresponding astrophysi-
cal S factors, performed within different methods [7–15], show noticeable spread exceeding the
experimental errors.
The 9Be(p, γ)10B reaction plays an important role as one of the critical links in primor-
dial and stellar nucleosynthesis of light elements in the p shell [1, 2, 14, 15]. In [14], the
experimental astrophysical S factors (Sexp1 9 (E)) for this reaction were measured over the energy
range 68< E <125 keV via the measurement of the branching ratio for the 9Be(p, γ)10B and
9Be(p, α)6Li reactions (here and everywhere below, the lower indexes in the astrophysical S fac-
tor denote mass numbers of the colliding particles). It was revealed that the Sexp1 9 (E) measured
is practically independent from the energy E. In [14], these data were then analyzed within the
framework of the two-body potential method under two the assumptions that the pure direct
capture contributes and the spectroscopic factor for the 10B nucleus in the (9Be+ p) configura-
tion can be set equal to unity. On the other hand, the experimental energy dependence of the
Sexp1 9 (E), measured by authors of Ref. [15] over the range most important to nuclear astrophysics
(66< E <1620 keV), includes contributions from four the resonances and the direct capture as
well as their allowed interference with each other. In [11], the Sexp1 9 (E) data of Ref. [15] were
analyzed within the two-body potential method where the direct component (SDC19 (E)) of the
calculated total astrophysical S factor (S1 9(E)) is presented as the product of the spectroscopic
factor mentioned above, which is taken from [16], and the bilinear polynomial over the energy
E. The obtained result shows that the calculated S1 9(E) values are larger than the results of
[14] by a factor of 4.2. In [7], the analysis of the experimental data [15] has been performed
within the modified R-matrix method in which the contribution from the direct capture am-
plitude to the total S1 9(E) is calculated using the “indirect measured” ANC for
9Be+ p→ 10B
derived in Ref. [17] for the ground and first three excited states of 10B. In this connection, one
notes that, in [17], the ANC’s above were obtained from the analysis of the precisely measured
differential cross sections (DCS’s) for the proton exchange 10B-9Be reaction, which was within
the “post” form of the modified distorted-wave Born approximation (MDWBA). Hence, the
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contribution of the three-body Coulomb effects in the full transition operator of the three-body
DWBA amplitude is taken into account in the first order of the pertubation theory over the
Coulomb polarization potential ∆V Ci,f [18]. While, as shown in Ref. [19], when the residual
10B nucleus in the peripheral transfer reaction is formed especially in excited bound states,
this restriction over ∆V Ci,f in the transition operator does not guarantee the necessary accuracy
of the “indirect measured” ANC values for their astrophysical application. Besides, in [7], the
channel contribution [20] to the resonance γ-ray width in the resonance component of the total
R-matrix amplitude as a factor, was ingored. Correct taking into account this contribution to
the resonance γ-ray width may influence the energy dependence of the resonance amplitude
given by Eqs. (5)–(7) in [7]. Therefore, it would be highly encouraged an examination of a
degree of a reliability of the assumptions used in Refs. [7, 17].
If the subsequent hydrogen burning of 19F proceeds predominantly through the 19F(p, α)16O
reaction, the 16O(p, γ)17F reaction is the first one in a link of the sequence of a four branch in
CNO hydrogen burning proceeding via 16O(p, γ)17F(e+νe)
17O(p, γ)18F(e+νe)
18O(p, γ)19F(p, α)16O.
This changeover from the pp-chain to the CNO cycle is observed near T6 ≈20 K (the Gamow’s
energy EG ≈ 35.2 keV) [2]. The
16O(p, γ)17F reaction rate sensitively influences the 17O/16O iso-
topic ratio predicted by models of massive AGB stars, where proton capture occurs at the base
of the convective envelop. In second-generation stars, whose stellar temperatures are higher
than those for the quiescent CNO cycle, the 19F(p, γ)20Ne and 19F(p, α)16O reactions compete
with each other in the hydrogen burning phase corresponding to the transition from the hot
CNO cycle to the NeNa one. Furthermore, the 19F(p, α)16O reaction can play an important
role both in hydogen-rich environment and in the AGB stars as the main sites of fluorine pro-
duction [2]. Despite its importance, the astrophysical S factors have still large uncertainties
at astrophysical energies [21]. As it is seen from above, exact knowledge of the rates of the
16O(p, γ)17F and 19F(p, α)16O reactions is of great importance for modeling of nucleosynthesis
in the hydrogen-burning massive stars.
There are old measurements of the 16O(p, γ)17F reaction close to the energy region of as-
trophysical interest (see [16] and references therein). However, these experiments did not dis-
tinguish between transitions into the ground (E∗=0.0; Jpi=5/2+) state and the first excited
(E∗=0.497 MeV; Jpi=1/2+) state of the residual 17F nucleus. In [22], the experimental astro-
physical S factor, Sexp1 16(E), has been measured in the energy range 200≤ E ≤3750 keV with the
separated ground and first excited states of the residual 17F nucleus. They were then analyzed
using the Woods-Saxon potential in the standard two-body method under the assumption that
the spectroscopic factors for 17F in the (16O + p) configuration can be set to unity both for
the ground state and for the first excited one of 17F. However, as shown in [8], in reality,
there are infinite number of the phase-equivalent Woods-Saxon potentials resulting in the the-
oretical uncertainty about 50% in the calculated S1 16(E) values at stellar energies. Though,
all these potentials lead to the calculated phase shifts for the p16O-scattering, which are in
a well agreement with the experimental data within the uncertainty up to ∼10%. It follows
from here that the results of Ref. [22] derived for S1 16(E) are strongly model-dependent. It
is mainly associated with the fact that the spectroscopic factors above cannot be determined
unambiguously [8] and, so, their values should not be set to unity, a priori. The astrophysical
S factor S1 16(E) at stellar energies was also calculated in [23] within the standard two-body
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potential method using the ANC values for 16O+ p→ 17F(g.s) and 16O+ p→ 17F(0.497 MeV).
They were derived in [23] from the analysis of the experimental DCS’s of the peripheral proton
transfer 16O(3He, d)17F reaction, which was performed within the post form of the modified
DWBA. As it was mentioned above, the post form of the modified DWBA cannot provide the
necessary accuracy in the ANC values for their astrophysical application, especially, for the
very weakly bound first excited state of 17F. This point relates to the ANC values obtained in
Ref. [24] from the analysis of the same peripheral proton transfer reaction in the finite-range of
the “post”-approximation of MDWBA. That apparently is one of the reasons why the central
value for the square of the ANC for 16O+ p→ 17F(0.497 MeV) recommended in Refs. [23] and
[24] is about 3.5σ larger and 2.6σ lesser, respectively, than that recommended in Refs. [8, 25].
See Table 1 below.
For the 19F(p, α)16O reaction there are unpublished experimental data by Lorenz-Wirzba
[26] and the data measured by authors of Refs. [9] at the lowest sub-barrier proton projectile
energies, including nonresonant values (. 500 keV). The experimental angular distributions of
the differential cross sections of Ref. [26] measured at the proton projectile energies 250, 350
and 450 keV have been quoted in Ref. [27], where the analysis has been performed within
the zero-range approximation of the conventional DWBA. As a consequence, it was revealed
that the ground state transition may be dominated by a direct mechanism in the nonresonant
energy region below the Coulomb barrier, involving the vicinity of the AGB Gamow window
(≃27–94 keV at T6 ≃40 K). Nevertheless, it occurs the discrepancy between the absolute values
of the experimental angular distributions of Refs. [26] and [9] at rather close nonresonant
proton projectile energies by a factor of about 2. Besides, the results of the investigation of
the 19F(p, α)16O reaction at energies below the Coulomb barrier reported by different authors
(see recent work of Ref. [9] and references therein) show a presence of rather large spread in
the calculated values of the astrophysical S factors at center-of-mass energies down 200 keV.
Therefore, the application of the asymptotic theory developed in Ref. [19] for the sub-barrier
19F(p, α)16O reaction allows to obtain new quantitative information both about the direct
mechanism at nonresonant projectile energies and about the possibility of extraction of the
“indirect determined” ANC for 16O+ t→ 19F.
Below, we present the results of the analysis of the experimental angular distributions of the
DCS’s for the mentioned above peripheral proton and triton transfer reactions [17, 23, 26, 9]
and their application for obtaining a new information about the extrapolated astrophysical S
factors at stellar energies for the corresponding specific nuclear-astrophysical processes. The
analysis will be performed within framework of the asymptotic theory developed in Ref. [19]
since all these reactions are related to the “non-dramatic” case. As noted in Refs. [18, 19], the
latter occurs when the values of the Coulomb parameters for the two-body bound state wave
functions in the entrance and exit channels or their sum are not in the vicinity of a natural
number.
VI. ANALYSIS OF THE PERIPHERAL SUB- AND ABOVE-BARRIER TRI-
TON AND PROTON REACTIONS
In this section, we present the results of comparison of the calculated DCS’s with experi-
mental data for the following peripheral proton and triton transfer reactions:
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(I) 9Be(10B,9 Be)10B at the 10B incident energy E10B= 100 MeV [17],
(II) 16O(3He, d)17F at E3He= 29.75 MeV [23],
(III) 19F(p, α)16O [9, 26] at six sub-barrier proton projectile energies.
The experimental angular distributions of the DCS’s of the reaction (I) are analyzed for
the residual 10B nucleus populating the ground (E∗=0.0; Jpi=3+) state, the first (E∗= 0.718
MeV; Jpi=1+), second (E∗= 1.740 MeV; Jpi=0+) ana third (E∗= 2.154 MeV; Jpi=1+) excited
states (denoted by 10B0,
10B1,
10B2 and
10B3, respectively, below). The residual
17F nucleus
in the reaction (II) is formed in the ground (E∗=0.0; Jpi=5
2
+
) and first (E∗=0.495 MeV; 1
2
+
)
excited states (denoted by 17F0 and
17F1, respectively, below). For the reaction (III) populating
the ground state of the residual 16O nucleus, two the sets of the independently measured
experimental data are considered, which correspond to the projectile proton energy (Ep= 250;
350 and 450 keV [26] (denoted by EXP-1978 below) and Ep= 327; 387 and 486 keV [9] (denoted
by EXP-2015 below).
For the reactions considered above, the orbital lB and lx angular momentums of the transfer
a particle (a is either proton or triton) in the bound B and x nuclei (B is either 10Bi or
17Fi
or 19F and x is either 10B0 or
3He or α particle), respectively, are taken equal to l10Bi= 1
(i=0–3), l17F0= 2 and l17F1= l19F= 0, and l3He= lα= 0. Since the energy of incident
3He in
the reaction (II) is moderate, the contribution of the d-state of the 3He nucleus in the vertex
3He → d + p is neglectable small [28]. In this case, the total angular jB and jx momentums,
where jB = lB + Ja and jx = lx + Ja in which Ja is the spin of the transferred a particle,
are taken equal to j10B0=j10B2= 3/2, j17F0= 5/2, j19F=1/2, and j17F1= jα= j3He= 1/2, whereas
j10B1= j10B3= 1/2 and 3/2.
In this case, at the fixed values of the angular (lx and lB) and total (jx) orbital momentums
defined above, the expression (51), derived in Ref. [19] for the DCS of the peripheral transfer
A(x, y)B reaction (where B = A+ a and x = y + a, and a is the transferred particle), can be
presented in the form
dσ
dΩ
= C2x
∑
jB
C2B;jB σ˜r0(jB;Ei, θ), (1)
where CB;jB = CAa; lB jB and Cx = Cay; lx jx are the ANC’s for A + a → B and y + a → x [28],
respectively, which are related to respective the nuclear vertex constants (NVCs) for the virtual
decays B → A + a and x → y + a by the simple relations given in [28] (see Eq. (7) in [19]
also); the σ˜r0(jB;Ei, θ) is a known function of the center-of-mass scattering angle θ and energy
Ei at fixed values of the quantum (lx, jx, lB) numbers above and the cut-off channel R
ch
i and
Rchf radii corresponding respectively to the entrance and exit channels. They enter the lower
limits of the radial integral of the matrix element of the reaction and can be determined by
Rchi =r0(A
1/3 + x1/3) and Rchf =r0(B
1/3 + y1/3), where r0 is the nuclear interaction radius and D
is a mass number of D nucleus (D = A, x, B and y). The optical potentials for the entrance
and exit channels were taken from Refs. [17, 23] (the sets 1 and 2) and [27]. Calculations were
performed using the expression (51) of [19] and Eq. (1) in which the influence of the three-
body (A, a and y) Coulomb dynamics of the transfer mechanism on the peripheral partial
amplitudes at li >>1 and lf >>1 of the reaction amplitude is taken into account in a correct
manner. As shown in [19], this influence on the amplitudes of the reactions considered above is
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also noticeable at least in the angular range of the main peak of the angular distributions. It is
also related to the calculated reduced σ˜r0(jB;Ei, θ) cross sections. The values of the product of
the square of the ANC’s above and r0 entering Eq. (1) and their uncertainties giving the best
fit to the experimental DCS’s within the experimental errors have been defined by minimizing
the quantity χ2 in the fitted data only in the angular region of the main peak of the angular
distribution.
A. Asymptotic normalization coefficients for 9Be + p → 10B, 16O + p → 17F and
16O+ t→ 19F
Figs. 1 – 3 show the results of the calculations of the DCS’s obtained in the present work
(the solid curves), their comparison with the conventional DWBA calculations performed in
Refs. [17, 23, 27] (the dash curves) and experimental data. The results of the present work
correspond to the standard value of the r0 parameter, which is taken equal to 1.25 fm and
also to the minimum of χ2 in the angular region of the main peak of the angular distribution.
It is seen that the angular distributions calculated in the present work reproduce equally well
the experimental data in the angular range of the main peak of the corresponding angular
distributions. The square of the ANC values and that of the modules of the respective NVC
ones (| GB |
2) are summarised in Table 1. They are found by normalizing the calculated
cross sections to the corresponding experimental ones at the forward angles and using the
ANC’s C23He=4.20±0.32 fm
−1 (| G3He |
2= 1.32±0.10 fm) for d + p → 3He compiled in [29]
and C2α= 54.2±4.5 fm
−1[30] (| Gα |
2= 13.4±1.1 fm) for t + p → α. There, the theoretical
and experimental uncertainties correspond to variation (up to ±3.0%) of the r0 parameter with
respect to its standard value above and the experimental errors in dexpσ/dΩ, respectively. The
experimental uncertainties pointed out in the ANC (NVC) values for 17F → 16O + p and
19F→ 16O + t correspond to the average squared errors, which includes both the experimental
errors in dexpσ/dΩ and the above-mentioned uncertainty of the ANC (NVC) for d + p→ 3He
and t + p → α, respectively. One notes that the value of C23He (| G3He |
2) above is in an
excellent agreement within its uncertainty with the “indirect measured” (“experimental”) values
of 4.28±0.50 fm−1 (1.34±0.15 fm) [8] and 4.35±0.10 fm−1 (1.36±0.03 fm) [31], which were
obtained from the independent indirect methods. Therefore, they can be considered as the
most reliable ones so far.
As is seen from the first – ninth lines of Table 1, the C210B0 value for
9Be + p → 10B0
obtained in the present work differs noticeably from that of [17] derived from the analysis of
the same reaction performed within the framework of the “post” form of the modified DWBA.
This difference exceeds overall the normalization accuracy (∆exp= 7% [17]) for the absolute
values of the DCS’s. While, such the difference for the C210B0 derived in [17] (the third and sixth
lines) exceeds the ∆exp error and is about of 9%. The central value of the weighed mean of the
square of the ANC for 9Be + p → 10B0 (C
2
10B0
=4.35±0.28 fm−1) recommended in the present
work is 2.5σ lower than that of [17] presented in the ninth line of Table 1. One notes that our
result for the weighed C210B0 mean value has overall the uncertainty of about 6%. Therefore,
the value of C210B0 above is used by us for obtaining the ANC’s C
2
10Bi
for 9Be + p → 10Bi
(i=1–3). The results for C210Bi and their comparison with those obtained by other authors
are presented in the tenth–fifty fourth lines of Table 1. In Table 1, the weighed C210Bi mean
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values recommended in the present work are listed in the eighteenth and twenty eighth lines
(C210B1=1.39±0.09 and 3.74±0.32 fm
−1 for j10B1=1/2 and 3/2, respectively), thirty eighth line
(C210B2= 3.58±0.34 fm
−1 for j10B2= 3/2) and the fourty eighth and fifty seventh lines (C
2
10B3
=
0.25±0.06 and 0.72±0.19 fm−1 for j10B3=1/2 and 3/2, respectively). There, as a comparison
with the results of the present work, the results of Ref. [17] are listed, which were derived using
the C210B0 value presented in the ninth line. Note once more that this value is overestimated
with respect to that obtained in the present work. As is seen from Table 1, the similar difference
occurs between our results and those obtained in [17] for the C210Bi ANC’s (i=1–3), which is
up to ∼19% for the second exited state of the residual 10B nucleus. This means that the
contribution of the three-body (9Be, p and 9Be) dynamics in the main pole proton transfer
mechanism enhances for the excited states of 10B populating in the entrance channel. Besides,
as seen from Table 1, the quite notice discrepancy occurs between the results of the present
work and those of Ref. [24] obtained from the 9Be(3He, d)10B performed within the framework
of the “post”-approximation of the conventional DWBA. Therefore, it is difficult to estimate an
accuracy of the C210Bi values (i=1–3) derived in [17, 24].
The weighed mean values for the square of the ANC’s for 16O + p→ 17F0 and
16O + p→
17F1, derived in the present work from the analysis performed for the sets 1 and 2 of the optical
potentials, are presented in the sixty seventh and eighty first lines of Table 1, respectively. As
is seen from there, the noticeable dependence of the C217Fi values (i=1 and 2) from the used
sets for the optical potentials is observed both for the results of the present work and for those
of Ref. [23]. Nevertheless, as noted above, the results of Ref. [23] have been obtained with the
underestimated C23He value for d +p→
3He given in [32]. Besides, the considerable discrepancy
occurs between the results of the present work and those of Refs.[12] and [24] obtained within
the continuation method for the experimental p16O-scattering function and the 16O(3He, d)17F
DCS analysis performed within the finite range of the “post”-approximation of the modified
DWBA, respectively. By using this case, one notes that there are misprints in the first line
of Table I of Ref. [12]. There, the figures of 75.5±15 and 1.1±0.33 fm−1/2 corresponding
respectively for the ANC’s for 16O + p → 17F1 and
16O + p → 17F0 must be replaced by
75.5±1.5 and 1.04±0.05 fm−1/2, respectively. Nevertheless, as is seen from Table 1, our results
for the C217Fi above are in good agreement within about 1σ with those of Refs. [8] and [25],
which were derived by the quite other “indirect” methods.
The C219F values for
16O + t → 19F obtained in the present work at the different proton
projectile energies and their weighted means are presented the eighty eighth – ninety eighth
lines of Table 1. As it is seen from there, the weighted C219F mean values found separately from
the analysis of the experimental data taken from Ref. [26] (EXP-1978) and from Ref. [9] (EXP-
2015), which are listed in the ninety third and ninety eighth lines of Table 1, respectively, differ
from each other on the average by a factor of about 2.2. This is the result of the discrepancy
between the absolute values of the experimental DCS’s of the EXP-1978 and the EXP-2015
measured independently at fairly close energies. To find out the main reason of this discrepancy,
we recommend decisive measurement of the experimental DCS’s of the 19F(p, α)16O reaction
in the sub-barrier projectile energy region being closer to that of Refs. [9, 26]. Nevertheless,
one notes that the C219F value obtained separately from the independent experimental data of
the EXP-1978 and EXP-2015 at the different projectile energies are stable, although the abso-
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lute values of the corresponding experimental DCS’s of the EXP-1978 and EXP-2015 depend
strongly on the proton projectile energy (see Fig. 3). This result confirms the assumption made
in Ref. [19] about possibility of the applicability of the asymptotic theory developed in [19]
also for the sub-barrier peripheral charged-particle transfer reactions as a tool of obtaining the
ANC. To best of our knowledge, the ANC value for 16O + t → 19F presented in Table 1 are
obtained for the first time.
As it is seen from the analysis performed above, the asymptotic theory proposed in Ref.
[19] provides better accuracy for the ANC values for 9Be + p→ 10B and 16O + p→ 17F than
those obtained in Refs. [17, 23, 24] for their nuclear-astrophysical application. Besides, the ANC
values for 16O + t→ 19F derived above can give a valuable information about the astrophysical
S factors (or the cross sections) for the 19F(p, α)16O reaction in the astrophysically relevant
energy region where the direct transfer mechanism is dominant. This issue is considered below.
B. Astrophysical S factors at stellar energies
Here the weighted mean values of the ANC’s obtained by us for 9Be + p → 10Bi (i=0–3)
and 16O + p → 17Fi (i=0 and 1) are used to calculate the astrophysical S factors for the
radiative capture 9Be(p, γ)10B and 16O(p, γ)17F reactions at stellar energies. The calculations
are performed within the framework of the modified R-matrix method (see Ref. [33] for exam-
ple) for the radiative capture 9Be(p, γ)10B reaction, where the direct component of the total
amplitude is determined by solely the ANC values, and of the modified two-body potential
method (MTBPM) [34] for the direct radiative capture 16O(p, γ)17F reaction, where the direct
astrophysical S factor is parameterized in the term of the square of the ANC’s above. For
easer reading of the paper, the basic formulas of these methods are given in Appendix. Besides,
the ANC’s derived for 16O + t → 19F(g.s.) are used for getting information about the astro-
physical S factors of the nuclear-astrophysical 19F(p, α)16O reaction at six the proton energies
mentioned above by means of the way presented in Appendix.
The analysis of the experimental astrophysical S factors for the 9Be(p, γ)10B reaction was
performed by taking into account the contributions from captures to fours the resonances and
to the direct capture as well as their interference contributions. One notes that three from
these resonances are broad ones at E
(R)
1 =287 keV with J
pi=1−, E
(R)
2 =892 keV with J
pi=2+ and
E
(R)
4 =1161 keV with J
pi=2−, and one from them is narrow resonance at E
(R)
3 =975 keV with
Jpi=0+ [35]. As in Refs. [7, 15], we consider the following transitions from the resonant states
above to the ground and three first excited bound states of the residual 10B nucleus: the 0+
third resonance → the first (1+) and third (1+) bound excited states of 10B; the first (1−),
second (2+) and fourth (2−) resonances → all the considered bound (ground–excited) states
of 10B. The calculation is performed using Eqs. (A1)–(A8) given in Appendix. As is seen
from Eq. (A8), the power of the direct amplitude of the total amplitude given by Eq. (A4)
is determined only the C10Bi ANC’s found above, which will be used in calculations below.
Besides, as is seen from Eqs. (A3) and (A4) of Appendix, the direct and resonance terms with
the same channel spin (I=1 or 2) interfere only with each other. The calculations show that
the resonant and direct amplitudes are formed predominantly by the p9Be-scattering s wave
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capture and the E1 capture, respectively. The direct M1 and E2 contributions into the direct
amplitude for all the transitions in the exit channel are negligibly small with respect to the
dominant E1 contribution. Hence, they can be ignored.
Fig. 4 shows the results of the calculations for the total (S1 9(E) plotted by the solid curve)
and direct (SDC19 (E) plotted by the dashed curve) astrophysical S factors, which are in an
excellent agreement with the experimental data [15]. This is connected apparently with the
correct taking into account of the energy dependence of the γ-width, which contains both the
interior contribution and the channel one defined by Eq. (A6b) of Appendix. As seen from
Fig. 4, the noticeable difference occurs between the direct component of S1 9(E) derived in
Ref. [7] (the dashed-dotted line) and that obtained in the present work (the dashed line). See
also the inset there. Their ratio changes from 1.10 to 1.14 with an increase of the energy E.
This is due to the overestimated values of the ANC’s compared to those of the present work
(see Table 1). The fitted parameters of all the resonance levels are given in Table 5. The
value of the channel radius rc (rc= 3.1 fm) is chosen to provide the minimum of χ
2 (χ2=2.5) in
fitting data, which is noticeably less than that (χ2=7.8) obtained in Ref.[7]. In the calculations,
the γ-widths of the resonances were considered as adjustable parameters. The protonic- and
α-channel widths for the ground and first three excited states of 10B are taken from Ref. [35].
As is seen from Table 5, the absolute values of the γ-widths for the first, second and fourth
resonances found in the present work by using Eq. (A7), are in good agreement with the
results of [35], except for the γ-width for the third (0+) resonance. The γ-width value for
the 0+ resonance is found to be Γγ=6.5 eV, which differs about 31% from that (Γγ =8.5 eV)
recommended in [35]. Note that, in [7], all the γ-width values were fixed and taken from [35].
As is seen from Fig. 4, the calculated total astrophysical S factor reproduces fairly good the
experimental data. In particular, the S1 9(0)=0.946±0.194 keV·b and S
DC
19 (0)= 0.331±0.021
keV·b as well as S1 9(25 keV)= 0.970±0.200 keV·b and S
DC
19 (25 KeV)= 0.327±0.021 keV·b are
obtained. The value SDC19 (0) derived in the present work is 2.5σ lower than that of S
DC
19 (0)=
0.38±0.02 keV·b [7, 11]. This difference is associated with the model assumptions used in Refs.
[7, 11]. Nevertheless, our result derived for the total S1 9(0) is in good agreement with that
of S(0)=0.96±0.02 keV·b, S(0)=0.96±0.06 keV·b and S1 9(0)=1.0±0.1 keV·b derived in Refs.
[11], [7] and [15], respectively.
The calculations of the astrophysical S factors for the direct radiative capture 16O(p, γ)17F
reaction are done by using Eq. (A9) of Appendix. In Eq. (A9), the weighted mean values of the
C217Fi ANC’s (i=1 and 2) for
16O + p→ 17F1 and
16O + p→ 17F0 derived in the present work
are used. Whereas, the Rl17Fj
(E; b17Fj ) function is calculated similarly to that as is done in
Ref. [8]. Nevertheless, we note only the following. The direct amplitude of the reaction above
is formed predominantly through the E1, M1 and E2 capture. For the transition to the ground
(17F0) state, the p, f(d) waves and the s and d ones correspond respectively to the E1(M1) and
E2 transitions. For the transition to the first (17F1) excited state, the p(s) wave and the d wave
correspond respectively to the same transitions above. Besides, as shown in [8], the uncertainty
of the calculated Rl17Fj
(E; b17Fj ) function is about ±4%. It arises under the variation of the
free b17Fj (r0, a) parameter relatively its value corresponding to the standard (r0=1.25 fm and
a=0.65 fm) values of the geometric parameters of the adopted Woods-Saxon potential. Note
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that this potential is used for calculating both the bound 17Fj state wave function and the
continuum p16O-scattering one, which enter the radial integral of the matrix element [34].
The results of comparison between the astrophysical S factors (S1 16(E)) calculated in the
present work and the experimental data [22] are displayed in Fig. 5. There, the solid curves in
(a) and (b) present the results for the ground and first excited states of the residual 17F nucleus,
respectively, whereas the solid curve in (c) corresponds to their sum 17F(g.s. + 0.429 MeV). In
Fig. 5, the width of the bands are the uncertainties, which are the average squared errors of the
uncertainties of the ANC’s given in Table 1 and that of the Rl17Fj
function mentioned above,
and the dashed curves are the results of Ref. [8]. As is seen from figure, the weighted C217Fi mean
values derived in the present work firstly, reproduce well the experimental data and, secondly,
allow extrapolation of the astrophysical S factors (S1 16(E)) at stellar energies. In a particular,
Sg.s.1 16(E)= 0.44±0.04 and 0.45±0.05 keV·b as well as S
exc.
1 16 (E)= 9.89±1.01 and 9.20±0.94 keV·b
are obtained for E= 0 and 25 keV, respectively. And, the total astrophysical S factors S1 16(E)
are found to be 10.34±1.06 and 9.65±0.98 keV·b for E= 0 and 25 keV, respectively. One notes
that our result for E= 0 agrees with that of S1 16(0)=9.45±0.4 keV·b [8] and with the results
of 10.2 and 11.0 keV·b [10] obtained within the framework of the microscopic model for the
effective V2 and MN potentials of the NN potential, respectively.
In Fig. 6, the results for the astrophysical S factors (S1 19(E)) for the nuclear-astrophysical
19F(p, α)16O reaction, obtained in the present work for corresponding six proton energies men-
tion above, are displayed by open and full cycle points. They were obtained from the expressions
(A1), (A10) and A(11) of Appendix with the fitted coefficients an(E) (0≤ n ≤2) from Table
5 and the corresponding ANC C219F values for
16O + t → 19F from Table 1. There, the un-
certainty for each the energy E corresponds respectively to that of the C219F ANC. Open and
full cycle points in Fig. 6 correspond respectively to the C219F values obtained in the present
work from the analysis of the EXP-1978 data [26] for E=237.5; 332.5 and 427.5 keV and the
EXP-2015 data [9] for E=310.7; 367.7 and 461.7 keV. The experimental data plotted in Fig. 6
by star points are taken from Refs. [9, 37]. As is seen from this figure, the open cycle data are
in a reasonable agreement with those of Refs. [9, 37], whereas the full cycle data differ notice-
ably from them. This discrepancy is mainly the result of the fact that the corresponding C219F
values used in Eqs. (A10a) and (A10b) are underestimated by a factor of about 2 compared to
those obtained from the analysis of the EXP-2015 [9]. Therefore, the present complex analysis
performed on the basis of the asymptotic theory developed in [19] gives strong evidence that
19F(p, α)16O astrophysical S factors at the considered thermonuclear energies, which belong
to the energy region considered in Refs. [9, 37], is dominant by the one-step triton transfer
pole mechanism in which the three-body Coulomb dynamics in the main transfer mechanism
is taken into account correcty.
On the other hand, the data for S1 19(E) plotted in Fig. 6 by open cycles can be parametrized
in the analytical form
S1 19(E) = (31.09± 1.08)− (39.44± 2.53)E + (9.34± 2.41)E
2, (2)
in which S1 19(E) in MeV b and E in MeV. Herein, the uncertainties in the coefficients of the
polynomial expansion correspond to those of the fitted data within their errors. In Fig. 6,
the solid curve corresponds to the calculated polynomial approximation of Eq. (2) for the
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central values of its coefficients. While, the upper and lower dashed curves are the results of
the calculation of Eq. (2) with the coefficients corresponding respectively to their upper and
lower values. As seen from this figure, the polynomial approximation (2) reproduces reasonably
also the absolute values of the data of [9]. Therefore, Eq. (2) can be used for calculation of
S1 19(E) in the nonresonant energy range, where the direct mechanism is dominant, including
at E ≤ 50 keV. In particular, S1 19(E)=31.09±1.08, 30.11±1.08 and 29.14±1.09 MeV b for E=
0, 25 and 50 keV, respectively. They are significantly larger than both S1 19(E)=8.76, 8.67 and
8.61 MeV b for E= 0, 25 and 50 keV, respectively, derived in [27] from the DWBA analysis of
the EXP-1978 data [26] and the corresponding values reported in NACRE [21] plotted in Fig. 6
by the dotted curve. The latter were derived from the nonresonant linear extrapolated formula
used for the experimental S1 19(E) data [38] from the fairly narrow energy range of E ∼ 600
keV (see the full treangle points in Fig. 6). One notes that the S1 19(E) data of Ref. [38] are
noticeably underestimated as a comparison with those of [9].
VII. THERMONUCLEAR 9Be(p, γ)10B AND 16O(p, γ)17F REACTIONS RATES
The new values obtained for the total astrophysical S factors for the 9Be(p, γ)10B and
16O(p, γ)17F reactions were used to calculate the rates of these reactions as a function of stellar
temperature within the range of 10−3 ≤ T9 ≤10, where T9 is a temperature in unit of 10
9 K.
The Maxwellian-averaged reaction rates NA〈σijvij〉 are given by [1, 2]
NA〈σijvij〉 = NA
(
8
piµij
)2
(kBT )
−3/2
∫
∞
0
Sij(E)exp[−E/kBT − 2piηij]dE (3)
as a function of the temperature T . Herein NA is the Avogadro number; kB is the Boltzmann
constant; µij and ηij =ZiZje
2/~vij are the reduced mass and the Coulomb paramerter for the
colliding (i and j) particles, respectively, and vij =
√
2E/µij, where Zke is the charge of the
particle k.
To calculate the NA〈σ1 16v1 16〉 rate for the
16O(p, γ)17F reaction, the contributions of the
resonant (E∗=3.104 MeV with Jpi=1
2
−
and E∗=3.851 MeV with Jpi=5
2
−
) states of 17F to the
total astrophysical S factor S1 16(E) have been taken into account within the modified R-matrix
method, similar to that as it is done for the 9Be(p, γ)10B reaction above. At this, we considered
the transitions from the first and second resonant states mentioned above to the first excited
and ground bound states of the residual 17F nucleus, respectively [22]. Both the transitions
correspond to the dominant E1 andM1 onces. The values of the γ-widths corresponding to the
first and second resonances as well as of the proton and total widths are taken from [39]. The
direct component of S1 16(E) is determined by the corresponding ANC values for
16O+p→ 17F
derived in the present work. Besides, we calculate the reaction rate without taking into account
the resonance contribution to the amplitude reaction. Both the method gave practically the
same results for the NA〈σ1 16v1 16〉 rate.
The resulting numerical values of the 9Be(p, γ)10B and 16O(p, γ)17F reaction rates in the
temperature range 0.01≤ T9 ≤10 K are presented in Table 4. Fig. 7(a) shows the ratios of the
rates for the 9Be(p, γ)10B reaction calculated in the present work to those of Ref. [21] (the solid
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curve) and [40] (the dashed line). Whereas, those for the 16O(p, γ)17F reaction calculated in
the present work to those of Ref. [21] (the solid curve) and [41] (the dashed line) are displayed
in Fig. 7(b). The calculations show that, at temperatures T9 & 0.004 K, the difference between
the calculated rates recommended in the present work and those recommended in [21] and [40]
is noticeable, whereas, it inceases with decreasing the temperature (see the inserts in Fig. 7).
One of the possible reasons of this discrepancy can apparently be associated with the model
assumption used in [21, 40, 41], in particular, with the choice of the values of the spectroscopic
factors for the 10B in the (9B+ p) configuration and the 17F in the (16O+ p) one, which really
are strongly model dependent [8, 17] as noted above.
VIII. CONCLUSION
Within the asymptotic theory proposed in [19] for the peripheral sub- and above-barrier
charged-particle transfer A(x, y)B reaction, where x=(y + a), B=(A + a) and a is the trans-
ferred particle, the analysis is performed for the experimental angular distributions of the dif-
ferential cross sections of the specific peripheral proton and triton transfer reactions at above-
and sub-barrier projectile energies, respectively. It is demonstrated that the asymptotic theory
gives an adequate description both of the angular distributions in the angular region of the main
peaks of the angular distributions and of the absolute values of the specific ANC’s (NVC’s).
New values and their uncertainties are obtained for the square of the ANC’s for 9Be +p→ 10B,
16O + p→ 17F and 16O + t→ 19F. The accuracy of the “post”-approximation and the “post”
form of the conventional DWBA is estimated for the ANC values for 9Be + p → 10B and
16O + p→ 17F obtained by other authors in Refs. [24] and [17], respectively. The ANC values
obtained in the present work were then applied for calculations of the astrophysical S factors
for the radiative capture 9Be(p, γ)10B and 16O(p, γ)17F reactions at stellar energies as well
as of the nuclear-astophsysical 19F(p, α)16O reaction at sub-barrier energies. New values and
their uncertainties are obtained for the astrophysical S factors at thermonuclear energies. It is
shown that the present analysis gives strong evidence that 19F(p, α)16O astrophysical S factors
(or respective cross sections) at energies within the range of 238. E .462 keV is dominant by
the one-step triton transfer pole mechanism in which the three-body Coulomb dynamics in the
main transfer mechanism is taken into account in a correct manner. And, new values of the
rates of 9Be(p, γ)10B and 16O(p, γ)17F reactions were obtained at stellar temperature within
the range of 10−3 ≤ T9 ≤10, which show the noticeable difference (up to ∼1.2 and ∼1.3 times)
with those recommended in [21, 40] and [21, 41], respectively.
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APPENDIX: THE BASED FORMULES OF THE MODIFIED R-MARTIX
METHOD AND THE MODIFIED TWO-BODY POTENTIAL METHOD
Here we present only the idea and the main formulas for the astrophysical S factors of the
modified R-method (see, for example, Ref. [33, 42] and references therein) and the MTBPM
[34] specialized for the 9Be(p, γ)10B and 16O(p, γ)17F reactions, respectively, as well as the
way of obtaining the 19F(p, α)16O astrophysical S factors at thermonuclear energies, where the
direct pole mechanism may be dominant. The orbital angular momentum of the proton capture
is equal to 1 both for the ground and first three excited bound states of the residual 10B nucleus
and for all the considered proton capture resonance states of 10B formed in the intermediate
state.
The astrophysical S factor is determined by
Sij(E) = Ee
2piησij(E), (A1)
where σij(E) is the reaction cross section, E and η are the relative kinetic energy and the
Coulomb parameter of the colliding particles i and j. In (A1), the indexes at the astrophysical
S factor and the cross section denote mass numbers of the colliding particles.
According to [33, 42], within the framework of the modified R-matrix method, the total
cross section for the 9Be(p, γ)10B reaction populating the ground (10B0) and first three excited
(10Bf) bound states of the residual
10B nucleus is given by
σ1 16(E) =
3∑
f=0
∑
J
σJ10Bf J
(E). (A2)
Here J and J10Bf are the total angular momentum of the colliding particles and the spin of the
fth bound state in the 10B nucleus and
σJ10Bf J
(E) =
pi
k2
2J + 1
8
∑
I li λ
|MJ10Bf J I li λ
(E) |, (A3)
where I and li are the channel spin and the relative orbital momentum of the p
9Be-scattering,
respectively, λ is the multipolarity order for the electromagnetic transition and k =
√
2µp9BeE/~
in which µp9Be is the reduced mass of p and
9Be. By using this case, one notes that there is
misprint in the left-hand side of Eq. (5) in [33]. There, the expression σJi(E) should be replaced
by that of σJf (E). In Eq. (A3), MJ10Bf J I li λ
(E) is the amplitude of the electromagnetic (Eλ
and Mλ) transition, which is represented in the form
MJ10Bf J I li λ
(E) = M
(Rj0 ; (Eλ,Mλ))
J10Bf
J I li λ
(E) +M
(DC;Eλ)
J10Bf
J I li λ
(E) +M
(DC;Mλ)
J10Bf
J I li λ
(E), (A4)
where M
(Rj0 ; (Eλ,Mλ))
J10Bf
J I li λ
is the proton capture amplitude of the j0th resonance state, M
(DC;Eλ)
J10Bf
J I li λ
and M
(DC;Mλ)
J10Bf
J I li λ
are the direct proton Eλ and Mλ capture amplitudes in the fth bound state
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of 10Bf , respectively. In the single-level approximation, the M
(Rj0 ; (Eλ,Mλ))
J10Bf
J I li λ
amplitude can be
represented in the form [20, 42]
M
(Rj0 ; (Eλ,Mλ))
J10Bf
J I li λ
= ie
i(σ
(c)
li
−δ
(HS)
li
)
[
ΓpJIli(E)
]1/2 [
ΓγJ10Bf J λ
(E)
]1/2
E − ERj0 + i
ΓJ (E)
2
. (A5)
Here σ
(c)
li
and δ
(HS)
li
are the Coulomb and hard-sphere phase-shifts for the p9Be-scattering;
ΓpJIli(E) and Γ
γ
J10Bf
J λ(E) are the partial protonic and radiative γ-withds for the resonant decays
10Bj0 →
9Be+ p and 10Bj0 →
10Bf + γ, respectively, and ΓJ(E) is the total (p, α and γ) width.
The energy dependence of the protonic and radiative γ-widths is given by the expressions
ΓpJIli(E) =
2Pli(E)(γ
p
JIli
)2
1 + (γpJIli)
2 (dSc
dE
)
E=ERj0
(A6a)
and
ΓγJ J10Bf λ
(E) =
2k2λ+1γ (E)(γ
γ
J J10Bf
λ)
2
1 + (γpJ I li)
2 (dSc
dE
)
E=Ej0
, (A6b)
where kγ is the photon momentum, Pli is the penetrability factor, Sc is the Thomas shift
factor [43], and γp... and γ
γ
... are the partial reduced protonic and radiative γ-ray widths, respec-
tively. The reduced γγJ J10Bf λ
width involves the internal (γγJ J10Bf λ
(int.)) and external channel
(γγJ J10Bf λ
(ext.)) parts [20]. The external channel part is a complex number and contains the
ANC for 9Be + p → 10Bf as a factor and the channel radius (rch) as a tree parameter. The
observable partial protonic and radiative γ-widths are given by
ΓpJIli = |Γ
p
JIli
(ERj0 )|, Γ
γ
J10Bj0
10Bf λ
= |ΓγJ10Bj0
J10Bf
λ(ERj0 )|. (A7)
One notes once more that, in [7], the contribution of the external part (so-called the proton-
channel contribution) to the ΓγJ10Bj0
J10Bf
λ width was ignored, which really contains the ANC’s
for 9Be + p→ 10Bf .
The explicit expressions for the direct capture amplitudes for the Eλ and Mλ transitions
have rather cumbersome forms and, so, they are not presented here. Nevertheless, we note
only that, in the long wavelength approximation, they contain the radial integral, which has
the form as
Iλ;J li(E) = C10Bf ;J
∫
∞
rch
drrλ˜W−η10Bf ;3/2
(2κ10Bfr)(Ili(kr)− e
i(σ
(c)
li
−δ
(HS)
li
)
Oli(kr)), (A8)
where λ˜ = λ and (λ-1) for the E1 and M1 transitions, respectively; W−η10Bf ;3/2
(· · ·) is the
Whittaker function; κ10Bf =
√
2µp9Beε10Bf/~ in which ε10Bf is the binding energy of the fth
bound state of 10Bf in the (
9Be + p) channel, and Ili(kr) and Oli(kr) are the incoming and
outcoming solutions of the radial Schro¨dinger equation.
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As is seen from the expression (A8), the powers of the total direct capture amplitude and
the channel radiative γ-width are determined by the ANCs for 9Be+p→ 10Bf (f=0–3). Hence,
introduction of information about the reliable “indirect measured” ANC’s to the resonance and
direct capture amplitudes makes it possible to reduce the uncertainty of the total S1 16(E)
astrophysical S factors calculated for the 9Be(p, γ)10B reaction in thermonuclear energy region
to a minimum, as it is possible.
Within the framework of the MTBPM [34] (see, Ref. [8] also), the expression for the
astrophysical S factors of the direct radiative capture 16O(p, γ)17F reaction populating the
ground and first excited states of the residual 17F nucleus is presented in the form
Sl17Fj ; 1 16
(E) = C217Fj ;l17Fj
Rl17Fj
(E; b17Fj). (A9)
Here C17Fj ;l17Fj
is the ANC for 16O + p → 17Fj (j=1 and 2 for the ground and first excited
states of 17F, respectively); b17Fj is the single-particle ANC, which determines the amplitude
of the “tail” of the radial component of the bound (16O + p) shell-model wave finction of
the 17Fj nucleus calculated using the Schro¨dinger equation with the adopted Woods-Saxon
potential, and Rl17Fj
(E; b17Fj) =
∑
λ S˜l17Fj λ; 1 16
(E; b17Fj )/b
2
17Fj
in which S˜l17Fj λ; 1 16
(E; b17Fj ) is
the single-particle astrophysical S factor [21]. As shown in [8], the free parameter b17Fj in turn
depends strongly from the geometric parameters (the radius r0 and the diffuseness a) of the
adopted Woods-Saxon potential, i.e., b17Fj = b17Fj (r0, a). In [8], the expression (A9) was used
for determination of the “indirect measured” ANC’s (C17Fj ) by means of replacement of the
astrophysical S factor in the left hand side of Eq. (A9) by their experimental data for each
experimental point of the energy E [22]. This is connected by the fact that the reaction for
each the fixed energy E is strongly peripheral, since the calculated values of the Rl17Fj
(E; b17Fj )
function as a function of the tree b17Fj (r0, a) parameter do not depend practically from variation
of the free parameter. The results of the square of the ANC’s obtained in Ref. [8] are also
presented in Table 1. Nevertheless, the ANC’s obtained in [8] for each the experimental point
of the energy E have some spread associated with that of the data of Ref. [22] plotted in Fig.
5. On the other hand, the expression (A9) could also be used for calculation of Sl17Fj λ; 1 16
(E)
if the “indirect measured” ANC’s above are known from other independent precisely measured
experimental data, e.g., from the experimental data for the peripheral 16O(3He, d)17F transfer
proton reaction. This issue is considered in subsection B of Section VI.
We now show the way of applying the expression (1) for obtaining the total cross sections
(respective the astrophysical S factor) of the sub-barrier 19F(p, α)16O triton transfer reaction
considered in Section VI. For this end, we split the limit of changing for the scattering angle
(0≤ θ ≤180) in two intervals: 0≤ θ ≤ θmax, where good agreement between the experimental
DCS’s and the calculated ones occurs, and θmax < θ ≤180
o, where there is the noticeable
discrepancy between the experimental DCS’s and the calculated ones (see Fig. 3). Then, from
Eq. (1) one has
σ1 19(E) = σ<(E) + σ>(E), (A10a)
σ<(E) = 2piC
2
αC
2
19Fj
∫ θmax
0
dθ sin θσ˜r0(j19F;E, θ), (A10b)
15
σ>(E) = 2pi
∫ 180
θmax
dθ sin θ
dσ
dΩ
, (A10c)
where j19F= 1/2, E=Ei, r0= 1.25 fm, and the C
2
α and C
2
19Fj
ANC’s are known. For each
considered fixed proton projectile energy, the integral in the right-hand side of Eq. (A10b)
can be taken numerically using the calculated σ˜r0(j19F;E, θ) function and the corresponding
C219Fj given in Table 1. Due to the fact that the experimental angular distributions of the
19F(p, α)16O reaction plotted in Fig. 3(a)– (f) monotonic decease (including for θ > θmax),
similarly as it is done in Ref. [44], the Legendre polynomial expansion
(
dσ
dΩ
)
θ>θmax
=
2∑
n=0
an(E)Pl( cos θ) (A11)
for the integrand function of the integral (A10c) is applied for reproducing the corresponding
experimental DCS’s in the angular range of θ > θmax. The values of the fitted an(E) coefficients
of the expression (A11) providing well description of the experimental data in the corresponding
angular range are given in Table 2. They can be used for calculating of the integral (A10c).
The results of calculations of (dσ/dΩ)θ>θmax are displayed in Fig. 3 by the dotted curves. Thus,
Eqs. (A10)–(A11) allow us to calculate the total cross sections (respective the astrophysical S
factors) for the 19F(p, α)16O reaction for each fixied center-of-mass projectile energy from the
EXP-1978 and EXP-2015 data.
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Figure 1: The differential cross sections for the 9Be(10B, 9Be)10B reaction at E10B= 100 MeV.
The points are the experimental data taken from [17]. The solid and dashed lines are the results
of the present work and the DWBA calculations of [17], respectively, for the ground (a), first
(for E∗= 0.718 MeV)(b) , second (for E∗= 1.740 MeV) (c) and third (for E∗= 2.154 MeV) (d)
excited states of the residual nucleus 10B.
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Figure 2: The differential cross sections for the 16O(3He, d)17F reaction corresponding to the
ground (a) and first excited (0.429 MeV)(b) states of 17F at E3He= 29.75 MeV. The solid and
dashed curves are the results of the present work and those of Ref. [23] derived in the “post”
form of the modified DWBA. The experimental data are taken from Refs. [23].
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Figure 3: The differential cross sections for the 19F(p, α)16O reaction at Ep= 450 (a), 350 (b)
and 250 keV (c) (the left side) as well as Ep= 327 (d), 387 (e) and 486 keV (f) (the right side).
The solid and dotted curves are the results of the present work, whereas the dashed lines are
the results of Ref. [27] derived in the zero-range of the “post”-approximation of DWBA. The
dotted curves are presented our result obtained by means of the polynomial fit (see Eq. (A11)
in Appendix and Table 5). The experimental data are taken from Refs. [26] (the EXP-1978:(a),
(b) and (c), see [27] too) and [9] (the EXP-2015:(d), (e) and (f)).
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Figure 4: The total astrophysical S factor for the 9Be(p, γ)10B reaction. The point are the experi-
mental data from [15]. The solid and dashed lines are the calculated results of the present work for
the total and direct radiative capture, respectively. The curve in the insert is the ratio of the direct
component of S1 9(E) of Ref. [7] to that of the present work.
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Figure 5: The astrophysical S factors for the direct radiative capture 16O(p, γ)17F reaction. The
curves of (a) and (b) correspond to the ground and first excited (0.495 MeV) states of the residual 17F
nucleus, respectively, whereas that of (c) corresponds to their sum 17F (g.s. + 0.495 MeV). The solid
and the band are the results of the present work, whereas the dashed line is the result of Ref. [8]. The
experimental data are from [22].
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Figure 6: The astrophysical S factors for the direct radiative capture 19F(p, α)16O reaction: open and
full cycle points are our result for the direct S1 19(E) astrophysical S factor obtained from the analysis
of the EXP-1978 [26, 27] and EXP-2015 [9] data; The experimental star points are taken from Refs
[9, 37] (stars points) and [38] (full triangle points). The solid curve corresponds to the polynomial
fitting. The lower dotted curve is the results of Ref. [21] obtained from the linear extrapolated formula
used for the experimental S1 19(E) data of [38].
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Figure 7: The ratios of the rates for the radiative capture 9Be(p, γ)10B (a) and 16O(p, γ)17F (b)
reactions. Description is given in the text.
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Table 1: Reaction, energy Ex, set of the optical potentials (set), virtual decay B → A + a, orbital
and total angular momentums (lB , jB), square modulus of the nuclear vertex constant |GB |
2( GB =
GAa;lBjB ) for the virtual decay B → A + a and the corresponding ANC C
2
B (CB = CAa;lBjB) A + a →
B. Figures in brackets are experimental and theoretical uncertainty, respectively, whereas those in
square brackets are weighed mean derived from the ANC’s (NVC’s) values for the sets 1 and 2.
A(x, y)B Ex, MeV set B → A + a lB, jB |GB |
2, fm C2B, fm
−1
1 2 3 4 5 6 7
9Be(10B,9 Be)10B0 100 [17] 1
10B0 →
9Be + p 1, 3/2 0.72(±0.06;±0.02) 4.22(±0.33;±0.10)
0.72 ±0.06 4.22±0.35
0.84±0.07 [17] 4.91±0.39 [17]
2 0.77(±0.06;±0.02) 4.49(±0.37;±0.11)
0.77 ±0.07 4.49±0.39
0.92±0.07 [17] 5.35±0.42 [17]
1+2 [0.75(±0.04;±0.02)] [4.35(±0.24;±0.14)]
[0.75±0.05] [4.35±0.28]
[0.87±0.08] [17] [5.06±0.46] [17]
9Be(3He, d)10B0 22.3–32.5 [24] 0.63–0.73 [24] 3.67–4.20 [24]
9Be(10B,9 Be)10B1 100 [17] 1
10B1 →
9Be + p 1, 1/2 0.22(±0.02;±0.01) 1.31(±0.10;±0.03)
0.22 ±0.02 1.31±0.11
0.21±0.03 [17] 1.23±0.17 [17]
2 0.25(±0.02;±0.01) 1.47(±0.17;±0.03)
0.25 ±0.02 1.47±0.17
0.23±0.03 [17] 1.34±0.19 [17]
1+2 [0.23(±0.02;±0.01)] [1.33(±0.09;±0.03)]
[0.23±0.02] [1.33±0.10]
[0.22±0.04] [17] [1.27±0.21] [17]
9Be(3He, d)10B1 22.3–32.5 [24] 0.62–0.69 [24] 3.16–4.02 [24]
1 1, 3/2 0.60(±0.05;±0.01) 3.53(±0.27;±0.09)
0.60 ±0.05 3.53±0.29
0.57±0.05 [17] 3.33±0.29 [17]
2 0.68(±0.05;±0.02) 3.98(±0.31;±0.09)
0.68 ±0.06 3.98±0.32
0.23±0.05 [17] 3.63±0.32 [17]
1+2 [0.64(±0.04;±0.04)] [3.74(±0.22;±0.23)]
[0.64±0.05] [3.74±0.32]
[0.59±0.07] [17] [3.43±0.42] [17]
9Be(3He, d)10B1 22.3–32.5 [24] 0.37–0.42 [24] 2.16–2.45 [24]
9Be(10B,9 Be)10B2 100 [17] 1
10B2 →
9Be + p 1, 3/2 0.58(±0.04;±0.01) 3.39(±0.26;±0.08)
0.58 ±0.05 3.39±0.27
0.72±0.08 [17] 4.22±0.44 [17]
2 0.66(±0.05;±0.02) 3.88(±0.30;±0.10)
0.77 ±0.05 3.88±0.32
0.79±0.08 [17] 4.60±0.48 [17]
1+2 [0.61(±0.04;±0.02)] [3.60(±0.24;±0.24)]
[0.61±0.06] [3.60±0.34]
[0.74±0.09] [17] [4.35±0.59] [17]
9Be(3He, d)10B2 32.5 [24] 1.25±0.14 [24] 7.29±0.82 [24]
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Table 2: continuation of Table 1
1 2 3 4 5 6 7
9Be(10B,9 Be)10B3 100 [17] 1
10B3 →
9Be + p 1, 1/2 0.055(±0.004;±0.001) 0.32(±0.03;±0.01)
0.055 ±0.004 0.32±0.03
0.048±0.009 [17] 0.28±0.05 [17]
2 0.046(±0.004;±0.002) 0.27(±0.02;±0.01)
0.046 ±0.005 0.27±0.03
0.0513±0.0085 [17] 0.30±0.05 [17]
1+2 [0.055(±0.003;±0.005)] [0.32(±0.02;±0.03)]
[0.055±0.005] [0.32±0.03]
[0.050±0.010] [17] [0.29±0.06] [17]
1 1, 3/2 0.155(±0.012;±0.004) 0.91(±0.07;±0.02)
0.155 ±0.012 0.91±0.07
0.14±0.02 [17] 0.80±0.10 [17]
2 0.13(±0.01;±0.01) 0.76(±0.07;±0.04)
0.13 ±0.01 0.76±0.08
0.15±0.02 [17] 0.87±0.11 [17]
1+2 [0.15(±0.01;±0.01)] [0.89(±0.06;±0.08)]
[0.15±0.02] [0.89±0.10]
[0.14±0.02] [17] [0.82±0.12] [17]
9Be(3He, d)10B3 32.5 [24] 0.26±0.03 [24] 1.52±0.17 [24]
16O(3He, d)17F0 29.75 [23] 1
17F→ 16O + p 2, 5/2 0.179(±0.018;±0.009) 1.14(±0.12;±0.06)
0.179±0.020 1.14±0.13
0.16 [23] 1.0 [23]
2 0.206(±0.021;±0.010) 1.31(±0.14;±0.07)
0.206±0.024 1.31±0.15
0.18 [23] 1.10 [23]
1+2 [0.190(±0.014;±0.013)] [1.21(±0.09;±0.08)]
[0.190±0.019] [1.21±0.12]
[0.170±0.016] [23] [1.08±0.10] [23]
18;34 [24] 0.16 [24] 1.02 [24]
16O(p, γ)17F0 0.17±0.02 [8] 1.09±0.11 [8]
The p16O-scattering: 0.12 a [12] 0.77 a [12]
the phase-shifts 0.37 b [12] 5.48 b [12]
analysis 0.17 c [25] 1.09 c [25]
16O(3He, d)17F1 29.75 [23] 1
17F→ 16O + p 0, 1/2 916(±96;±46) 5840(±611;±292)
916±106 5840±667
939 [23] 5980 [23]
2 1053(±110;±53) 6713(±703;±335)
1053±122 6713±779
1099 [23] 7000 [23]
1+2 [975(±72;±68)] [6216(±461;±432)]
[975±99] [6216±632]
[1019±107] [23] [6490±680] [23]
18; 34 [24] 840; 819 [24] 5355; 5122 [24]
16O(p, γ)17F1 893±35 [8] 5700±225 [8]
The p16O-scattering: 1629 a[12] 10384 a [12]
the phase-shifts 1245 b [12] 7939 b [12]
analysis 893 c [25] 5700 c [25]
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Table 3: continuation of Table 1
1 2 3 4 5 6 7
19F(p, α)16O 0.250 [26] 19F→ 16O + t 0, 1/2 13.5(±2.1;±0.7) 618.1(±95.2;±30.9)
EXP-1978 0.350 13.2(±1.4;±0.7) 605.0(±63.4;±30.3)
0.450 11.9(±1.3;±0.6) 544.8(±60.6;±27.2)
weighed mean 12.7(±0.9;±0.5) 583.5(±39.8;±23.3)
12.7±1.0 583.5±46.1
EXP-2015 0.327 [9] 28.1(±2.7;±1.4) 1290.3(±124.0;±64.3)
0.387 29.2(±3.2;±1.5) 1341.3(±144.7;±66.6)
0.486 27.2(±2.9;±1.4) 1248.1(±134.6;±62.5)
weighed mean 28.1(±1.7;±0.8) 1291.1(±77.2;±37.2)
28.1±1.9 1291.1±85.7
aThe effective-range function (RRF) method.
bThe ∆ method.
cThe effective-range expansion method for the p16O-scattering function.
Table 4: The values of the fitted coefficients an(E)x10
4 of the expession (A11) of Appendix for
different center-of-mass energies E. E in keV and an(E) in mb/sr.
E a0(E) a1(E) a2(E)
237.5 0.4079 0.0524 -0.1803
310.7 8.9528 6.8962 0.7359
332.5 3.5218 -2.7426 -5.5391
367.7 18.60 12.80 -2.6297
427.5 26.80 16.80 -4.8594
461.7 78.20 40.20 -36.40
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Table 5: The fitted resonant parameters for the astrophysical S factor of the 9Be(p, γ)10B
reaction.
Resonance Compilation Zahnow, Wulf, A.Sattorov, Present
parameters [35] et. al. [15] et. al. [11] et. al. [7] work
Jpi 1− 1− 1− 1− 1−
E1 [keV] 287±5 342±27 295 296 282
Γ1 [keV] 120±5 297±27 145 140 140
Γp/Γ1 0.3 0.3 0.35 0.35
Γγ [eV] 4.8 4.8 1.8 1.2 a 1.2
Jpi 2
+
b 2+ 2+ 2+ 2+
E2 [keV] 892± 2 890±1.8 890 890 890
Γ2 [keV] 72±4 81.0±2.7 79.2 80 83
Γp/Γ2 ≈0.65 0.75 0.75
Γγ [eV] 25.8 25.8 c 25.8
Jpi 0+ 0+ 0+ 0+ 0+
E3 [keV] 972 972 972 972 957
Γ3 [keV] 2.65±0.18 2.7
Γp/Γ3 1.0 1.0 1.0 1.0 1.0
Γγ [eV] 8.5 8.5 8.5 8.5 c 6.5
Jpi 2− 2− 2− 2− 2−
E4 [keV] 1161 1265 1215 1196 1196
Γ4 [keV] 210±60 387±27 190 290 290
Γp/Γ4 [eV] ≈0.65) 0.72 0.52 0.52
Γγ [eV] 8.5 5.8 7.9 c 7.9
aThis parameter was taken from Ref. [36].
bSee table 10.16 in Ref. [35] and p.p. 5 and 6 of Ref. [7].
cThis parameter was taken from Ref. [35].
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Table 6: Rates NA〈σijvij〉 of the
9Be(p, γ)10B and 16O(p, γ)17F reactions in the dependence
from the temperature T9 (K) in the unit of 10
9.
NA〈σijvij〉, cm
3mol−1s−1
T9,
9Be(p, γ)10B T9
16O(p, γ)17F
K our work [21](ratio) [40](ratio) K our work [21](ratio) [41](ratio)
1 2 3 4 5 6 7 8
0.010 3.81[-13] 3.87[-13](0.98) 4.29[-13](0.89) 0.010 8.58[-25] 6.73[-25](1.27) 7.20[-25](1.19)
0.011 1.61[-12] 1.64[-12](0.98) 1.81[-12](0.89) 0.011 7.97[-24] 7.10[-24](1.12) 7.58[-24](1.05)
0.012 5.74[-12] 5.90[-12](0.97) 6.47[-12](0.87) 0.012 6.13[-23] 5.71[-23](1.07) 6.08[-23](1.01)
0.013 1.79[-11] 1.85[-11](0.97) 2.02[-11](0.89) 0.013 3.99[-22] 3.68[-22](1.09) 3.91[-22](1.02)
0.014 4.99[-11] 5.18[-11](0.96) 5.64[-11](0.88) 0.014 2.20[-21] 1.97[-21](1.12) 2.09[-21](1.05)
0.015 1.27[-10] 1.32[-10](0.96) 1.43[-10](0.87) 0.015 1.03[-20] 9.06[-21](1.14) 9.60[-21](1.08)
0.016 2.97[-10] 3.10[-10](0.96) 3.35[-10](0.89) 0.016 4.20[-20] 3.65[-20](1.15) 3.87[-20](1.09)
0.018 1.34[-9] 1.41[-9](0.95) 1.51[-9](0.89) 0.018 4.92[-19] 4.30[-19](1.14) 4.54[-19](1.08)
0.020 4.89[-9] 5.17[-9](0.95) 5.50[-9](0.89) 0.020 4.05[-18] 3.59[-18](1.13) 3.77[-18](1.07)
0.025 6.53[-8] 6.99[-8](0.93) 7.32[-8](0.89) 0.025 2.78[-16] 2.50[-16](1.11) 2.62[-16](1.06)
0.030 4.70[-7] 5.08[-7](0.93) 5.24[-7](0.90) 0.030 6.96[-15] 6.32[-15](1.10) 6.59[-15](1.06)
0.040 8.29[-6] 9.11[-6](0.91) 9.15[-6](0.91) 0.040 7.49[-13] 6.89[-13](1.09) 7.16[-13](1.05)
0.050 6.36[-5] 7.05[-5](0.90) 6.94[-5](0.92) 0.050 2.06[-11] 1.91[-11](1.08) 1.98[-11](1.04)
0.060 3.01[-4] 3.34[-4](0.90) 3.24[-4](0.93) 0.060 2.57[-10] 2.39[-10](1.07) 2.48[-10](1.03)
0.070 1.00[-3] 1.15[-3](0.90) 1.11[-3](0.93) 0.070 1.91[-9] 1.79[-9](1.07) 1.86[-9](1.03)
0.080 2.89[-3] 3.18[-3](0.91) 3.05[-3](0.95) 0.080 9.96[-9] 9.37[-9](1.06) 9.71[-9](1.03)
0.090 6.86[-3] 7.50[-3](0.91) 7.16[-3](0.96) 0.090 4.01[-8] 3.78[-8](1.06) 3.92[-8](1.02)
0.10 1.45[-2] 1.57[-2](0.92) 1.50[-2](0.96) 0.10 1.33[-7] 1.26[-7](1.05) 1.30[-7](1.02)
0.11 2.78[-2] 2.99[-2](0.93) 2.85[-2](0.97) 0.11 3.76[-7] 3.57[-7](1.05) 3.70[-7](1.02)
0.12 4.9[-2] 5.31[-2](0.93) 5.06[-2](0.98) 0.12 9.45[-7] 9.01[-7](1.05) 9.31[-7](1.01)
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Table 7: Continued Table 4
NA〈σijvij〉, cm
3mol−1s−1
1 2 3 4 5 6 7 8
0.13 8.35[-2] 8.88[-2](0.94) 8.47[-2](0.99) 0.13 2.15[-6] 2.06[-6](1.05) 2.12[-6](1.01)
0.14 1.34[-1] 1.41[-1](0.95) 1.35[-1](0.99) 0.14 4.51[-6] 4.32[-6](1.05) 4.46[-6](1.01)
0.15 2.05[-1] 2.16[-1](0.95) 2.06[-1](1.00) 0.15 8.83[-6] 8.48[-6](1.04) 8.74[-6](1.01)
0.16 3.05[-1] 3.20[-1](0.95) 3.05[-1](1.00) 0.16 1.63[-5] 1.57[-5](1.04) 1.62[-5](1.01)
0.18 6.16[-1] 6.42[-1](0.96) 6.13[-1](1.01) 0.18 4.81[-5] 4.65[-5](1.03) 4.78[-5](1.01)
0.20 1.13 1.18(0.97) 1.13(1.01) 0.20 1.22[-4] 1.18[-4](1.03) 1.21[-4](1.00)
0.25 3.99 4.08(0.98) 3.93(1.01) 0.25 7.78[-4] 7.57[-4](1.03) 7.77[-4](1.00)
0.30 1.06[1] 1.07[1](0.99) 1.04[1](1.02) 0.30 3.17[-3] 3.09[-3](1.02) 3.17[-3](0.99)
0.35 2.30[1] 2.31[1](0.99) 2.25[1](1.02) 0.35 9.67[-3] 9.44[-3](1.02) 9.67[-3](1.00)
0.40 4.32[1] 4.30[1](1.00) 4.22[1](1.02) 0.40 2.41[-2] 2.36[-2](1.02) 2.43[-2](0.99)
0.45 7.25[1] 7.16[1](1.01) 7.07[1](1.03) 0.45 5.22[-2] 5.09[-2](1.03) 5.25[-2](0.99)
0.50 1.11[2] 1.09[2](1.02) 1.08[2](1.03) 0.50 1.01[-1] 9.84[-2](1.03) 1.01[-1](0.99)
0.60 2.17[2] 2.11[2](1.03) 2.11[2](1.03) 0.60 2.99[-1] 2.90[-1](1.03) 3.01[-1](0.99)
0.70 3.54[2] 3.44[2](1.03) 3.45[2](1.03) 0.70 7.07[-1] 6.83[-1](1.03) 7.12[-1](0.99)
0.80 5.18[2] 5.04[2](1.03) 5.08[2](1.02) 0.80 1.43 1.38(1.04) 1.44(0.99)
0.90 7.11[2] 6.95[2](1.02) 6.98[2](1.02) 0.90 2.59 2.49(1.04) 2.61(0.99)
1.00 9.41[2] 9.20[2](1.02) 9.24[2](1.02) 1.00 4.31 4.13(1.04) 4.34(0.99)
1.25 1.76[3] 1.70[3](1.03) 1.71[3](1.03) 1.25 1.19[1] 1.13[1](1.05) 1.19[1](0.99)
1.50 3.08[3] 2.92[3](1.05) 2.93[3](1.05) 1.50 2.55[1] 2.42[1](1.05) 2.56[1](1.00)
1.75 4.98[3] 4.61[3](1.08) 4.62[3](1.08) 1.75 4.68[1] 4.40[1](1.06) 4.68[1](1.00)
2.00 7.39[3] 6.75[3](1.09) 6.73[3](1.10) 2.00 7.69[1] 7.19[1](1.07) 7.67[1](1.00)
2.50 1.31[4] 1.16[4](1.13) 1.16[3](1.13) 2.50 1.67[2] 1.54[2](1.08) 1.66[2](1.01)
3.00 1.89[4] 1.64[4](1.16) 1.65[4](1.15) 3.00 3.00[2] 2.73[2](1.10)
3.50 2.42[4] 2.07[4](1.17) 2.09[4](1.16) 3.50 4.77[2] 4.30[2](1.11)
4.00 2.86[4] 2.46[4](1.16) 2.45[4](1.17) 4.00 6.98[2] 6.24[2](1.12)
5.00 3.45[4] 2.90[4](1.19) 2.94[4](1.17) 5.00 1.27[3] 1.12[3](1.13)
6.00 3.76[4] 3.15[4](1.19) 3.18[4](1.18) 6.00 1.99[3] 1.75[3](1.14)
7.00 3.88[4] 3.29[4](1.18) 3.27[4](1.19) 7.00 2.85[3] 2.49[3](1.15)
8.00 3.89[4] 3.26[4](1.19) 3.26[4](1.19) 8.00 3.83[3] 3.34[3](1.15)
9.00 3.84[4] 3.23[4](1.19) 3.20[4](1.20) 9.00 4.90[3] 4.27[3](1.15)
10.00 3.76[4] 3.24[4](1.16) 3.10[4](1.21) 10.00 6.06[3] 5.27[3](1.15)
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